The detection of increased sodium absorption during primary transit implies the presence of an atmosphere around an extrasolar planet, and enables us to infer the structure of this atmosphere. Sodium has only been detected in the atmospheres of two planets to date -HD 189733b and HD 209458b. WASP-17b is the least dense planet currently known. It has a radius approximately twice that of Jupiter and orbits an F6-type star. The transit signal is expected to be about five times larger than that observed in HD 209458b. We obtained 24 spectra with the GIRAFFE spectrograph on the VLT, eight during transit. The integrated flux in the sodium doublet at wavelengths 5889.95 and 5895.92 Å was measured at bandwidths 0.75, 1.5, 3.0, 4.0, 5.0, and 6.0 Å. We find a transit depth of 0.55 ± 0.13 per cent at 1.5 Å. This suggests that, like HD 209458b, WASP-17b has an atmosphere depleted in sodium compared to models for a cloud-free atmosphere with solar sodium abundance. We observe a sharp cut-off in sodium absorption between 3.0 and 4.0 Å, which may indicate a layer of clouds high in the atmosphere.
Introduction
Transiting extrasolar planets present an opportunity to study the properties of planetary atmospheres using transmission spectroscopy. The atmosphere regulates heat transfer around the planet, and determines what fraction of the incoming flux from the star is absorbed (Showman and Guillot, 2002) . This can have a dramatic effect on the structure and evolution of a hot Jupiter; e.g. additional heating can cause the planet to expand, increasing the strength of the tidal interaction with its star. This may result in the planet's destruction as it spirals into its host star (Levrard, Winisdoerffer, and Chabrier, 2009) .
When light from a star passes through the atmosphere of a transiting planet, some wavelengths are absorbed much more strongly than others, so the apparent radius of the planet is larger at these wavelengths. The base of the atmosphere of a Jupiter-like planet is generally defined as the atmospheric depth at which the slant optical depth is equal to 2/3 (Burrows and Orton, 2009) .
At the typical temperature of a hot Jupiter, strong absorption is predicted in the sodium doublet line at wavelengths 5889.95 and 5895.92 Å (Seager and Sasselov, 2000) . The ratio of the area of a hot Jupiter's atmosphere to the disc of its star is typically 10 −4 − 10 −3 , so during transit the depth of the sodium absorption lines relative to the continuum are expected to increase by this amount. Charbonneau et al. (2002) used the Hubble Space Telescope (HST) to obtain the first detection of increased sodium absorption during transit of 0.023 per cent at bandwidth 12 Å for the exoplanet HD 209458b. Sing et al. (2008) re-analysed these data and found a signal of 0.11 per cent at bandwidth 4.4 Å. Narita et al. (2005) made ground-based observations of the same planet, but found no significant sodium absorption. Snellen et al. (2008) (hereafter S08) improved on this analysis, finding absorption of 0.135 per cent at 1.5 Å; and Redfield et al. (2008) detected sodium absorption of 0.067 per cent at bandwidth 12 Å in the atmosphere of HD 189733b, also using ground-based spectroscopy. The sodium transit depths for HD 209458b are around 3 times smaller than predicted by models with a cloudless atmosphere and solar sodium abundance (Charbonneau et al., 2002) , which shows that atomic sodium is depleted by some mechanism. Possible explanations include photoionization, condensation, or the presence of high clouds or haze in the atmosphere.
Other atmospheric chemicals have been detected in exoplanet atmospheres. Tinetti et al. (2007) used transmission spectroscopy with the Spitzer Space Telescope (Spitzer) to detect the absorption signature of water in the atmosphere of HD 189733b. Swain, Vasisht, and Tinetti (2008) used NICMOS on the HST to detect methane and water in the atmosphere of the same planet. Spitzer has also been used extensively for occultation spectroscopy -the spectrum of the day-side of the planet can be obtained from the difference between the in-eclipse and outof-eclipse spectra. While transmission spectroscopy probes the limb of the planet, occultation spectroscopy probes the day-side of the planet, and when these observations are at infrared wavelengths, temperature information can be obtained.
WASP-17b (Anderson et al., 2010) , a hot Jupiter in Scorpius, is the least dense planet currently known, and is in a 3.74-d orbit around the star WASP-17, which has a V mag of 11.6. WASP-17b is 0.05 au from its F6-type host star, so is a pM class exoplanet (Fortney et al., 2008) whose atmosphere is expected to have a thermal inversion layer. Anderson et al. (in preparation) finds, from an analysis of new data from Spitzer, that the new parameters of the planet are 2.00 R J and 0.49 M J . The planet has very low gravity, and the scale height of its atmosphere is approximately 5 times larger than HD 209458b, so the sodium transit signal is expected to be correspondingly larger. However, if the atmosphere of WASP-17b is not sodium-depleted like HD 209458b, the signal could be much larger. Similar observations are needed for many more hot Jupiters to improve models of their atmospheres.
We present here the first ground-based transmission spectroscopy of WASP-17b using the GIRAFFE spectrograph on the Very Large Telescope (VLT) in Chile. Our aim is to measure sodium absorption in and out-of-transit, and to detect any additional sodium absorption by the atmosphere of WASP-17b during the transit. We used the integral field unit-mode (IFU-mode) of FLAMES, which has the highest throughput of all the available instruments, allowing maximum collection of photons during the observations. The IFU-mode also allows simultaneous observation of a comparison star and sky background, without having to move the telescope.
Details of the observations are given in Section 2, analysis is described in Section 3, the discussion is given in Section 4, and Section 5 concludes.
Observations
We obtained 24 spectra of the WASP-17 system, eight during transit, using the 8-m VLT in Paranal, Chile. We used the GIRAFFE, fibre-fed spectrograph and the IFU-mode of FLAMES, (Anderson et al., 2010) . Start times of each exposure, which observing plate was used, mean airmass for that exposure and orbital phase are given in Table 1 . Observations used the HR12 grating, which covers a wavelength range of 5821−6146 Å. We obtained a resolution of 0.48 Å and a dispersion of 0.08 Å pixel −1 . Target frames were exposed for 1000 s, and simcal frames of 120 s were taken separately in between each science frame. We could not observe the target while it passed through the zenith, so there is a gap between the 02:09 and 02:52 observations; this occurred during ingress, so does not affect our analysis. We obtained a total of 24 target frames; eight during transit, 12 out-of-transit, two during ingress, and two during egress. These frames contained spectra of WASP-17, the comparison star, and three separate sky regions. We also obtained 27 arc frames using the dedicated simcal fibre on the WASP-17 IFU, which were taken separately to avoid contamination of the target frames by leakage of light.
Seeing was very good, varying between 0.39 and 0.98 arcsec during the night, mainly remaining between 0.6 and 0.75 arcsec. Airmass was low for most of the observations -see Table 1 . IFUs were placed on WASP-17 (an F6-type star with a V mag of 11.6), and a com- parison star, TYC2-6787-1398-1, an F7-type star with a V mag of 11.3. The two stars had an angular separation of 13.6 arcmin. We also placed three IFUs on separate sky regions -a total of five IFUs. There are two observation plates containing 15 available IFUs. Both plates were configured with the same five IFUs in identical positions, and plates were exchanged during the night to account for differential refraction across the field of view. Calibration was obtained from 3 daytime flats and a daytime arc for each observing plate, in addition to the simcal frames.
Data Reduction
The image of the slit on the CCD was curved in the vertical direction, and the position of each column on the slit varied in the horizontal direction -see the left part of Fig. 1 , which shows a GIRAFFE thorium-argon arc image taken on the day of the observations. Each IFU on the image consists of about 130 columns of pixels, with wavelength read from bottom to top. The curvature in the vertical direction meant that some pixels which were part of a fibre in the middle of a column in the image were not part of the fibre at the top and bottom of the column. This was easily corrected for during extraction -see subsection 2.2.
The bend in the horizontal direction meant that adjacent pixels in a horizontal row of the image did not have the same wavelengths. We developed custom routines in Interactive Development Language (IDL) 1 to correct for this. We used the daytime arc images to measure the wavelength position for a set of 17 evenly spaced arc lines in each column of each of the five fibres we used. One column was used as a reference, then the other columns were interpolated on to the same wavelength scale, so that pixels of the same wavelength formed a horizontal row on the new, straightened image. Fig. 1 shows the original (left) and shifted (right) arc images for plate 1. We carried out this straightening step for each plate, using the corresponding daytime arc image.
Extraction
All frames were first bias-subtracted, using the overscan strip on each image. A master flat was created for each observing plate, using the median value of the three daytime flats. Then the corresponding straightening algorithm was applied to all the images obtained using that plate. Spectra were then extracted automatically using optimal extraction, which maximises the signalto-noise ratio, and allows extraction of curved images (Marsh, 1989) . The extraction routine also removed cosmic rays, although they had to be removed by hand in the sky frames, due to the low flux in those frames. The flat and arc spectra were extracted using the same profile as used for the data.
The flat spectra were normalised, then each WASP-17 and comparison star spectrum was divided by its normalised flat. Arc calibration was performed using the simcal spectra, to track the drift in wavelength scale during the night of ≤ 0.15 pixels (Pasquini et al., 2002) . The wavelength scale was found from an eighth-order polynomial fit to 53 arc line positions; the standard deviation of the fit was ≤ 0.005 Å. The scale for an individual spectrum was found by interpolation between the two simcal spectra nearest in time to the exposure, using only spectra taken with the same plate.
Before performing sky subtraction, we measured the radial velocity shifts between exposures for each IFU, to check fibre stability. All shifts were within the stated stability of 0.15 pixels in a 24-h period. The WASP-17 IFU and the IFU used for WASP-17 sky subtraction were separated by 1.8 arcmin; the comparison star IFU and the IFU used for comparison star sky subtraction were separated by 3.6 arcmin. Exposure 10 had a bright sodium emission line in both the sky and target frames which could not be subtracted without adding noise. This frame was discarded, but as it was taken during ingress, it was not needed for the analysis. Each image was then normalised and straightened by a straight line fit to a short length of the continuum at each end of the spectrum; 5820.26 − 5844.45 Å at the left-hand end, and 6028.33 − 6072.96 Å at the right-hand end.
Telluric correction was performed using a six-layer model of the Earth's atmosphere (Nicholls, 1988) and the HITRAN molecular database (Rothman et al., 2005) , as implemented by UCLSYN 2 . The synthetic spectra were broadened to match the resolution of the observations, and a heliocentric correction was applied to the target images. Concentrating on the wavelength range 5880 − 5910 Å (around the sodium lines), telluric H 2 O lines in each stellar spectrum were matched with those in a synthetic spectrum of similar airmass. The fit was judged by eye, then the stellar spectra were divided by the telluric spectra. This removed all visible traces of telluric contamination within the specified wavelength range. We estimate that any residual telluric H 2 O features remaining in this wavelength range are at a level of ≤ ±2.5 per cent.
We also identified small telluric Na absorption lines in a high-resolution spectrum of WASP-17, identified on Fig. 2 by two short arrows. These are of a similar strength to the weakest of the H 2 O lines (Lundström et al., 1991) , a level in our WASP-17 spectra of 2.9 per cent. The resolution of our spectra was not high enough for us to identify the telluric Na lines, but, if they are present, they must have a similar strength in the both the WASP-17 and comparison star spectra. We did not attempt to subtract these telluric Na features, but the fact that the measured transit depths for the comparison star are consistent with zero at all bandwidths (see Fig. 6 ) shows that their variability is small. Statistical errors on every data point calculated from photon statistics were propagated through each stage of the data reduction. 
Analysis
The position of each Na line component in each of the 24 exposures was measured by Gaussian fitting, and, when measuring flux, the mean position was used for the central line position, which was 5889.01 Å for the D 2 component, and 5894.96 Å for for the D 1 component. Fig. 3 shows part of one of our extracted spectra, showing the area around the Na D lines. There are two broad interstellar Na features present in the spectra, which had a radial velocity shift of about +47 km s −1 with respect to the stellar Na lines. A higher resolution, co-added HARPS spectrum of WASP-17 (Anderson et al., 2010) shows that each interstellar feature is composed of at least four different components at different radial velocity shifts, one of which is unresolved and very close to the stellar line -see Fig. 2 . (Also indicated on the figure with two short arrows are telluric Na absorption lines.)
The interstellar features are temporally stable, so are not originating from the WASP-17 system. They are likely to be caused by molecular clouds along the line of sight (Welsh et al., 2010) . The comparison star does not show any Na interstellar features (see Fig. 4) , although, at a distance of 280 pc, it is closer to Earth than WASP-17 which is at at 380 pc, so the clouds may be located between the two objects. The interstellar features do not vary during the transit; their presence will add a constant to both the in-transit and out-of-transit data, so should not alter the measured transit depths.
We found an ∼ 0.2 pixel offset in the wavelength calibration between each plate -the wavelength of absorption lines was ∼ 0.2 pixels shorter in plate 1 images than in plate 2 images. This was removed by a custom IDL routine. Our IDL routine first shifted the wavelength of plate 2 exposures by the positive mean difference in wavelength between plates, then added a small shift to each of the four sets of exposures in order to line them up, and finally interpolated the data on to this new wavelength scale.
The flux in the Na lines was measured using bandwidths 0.75, 1.5, 3.0, 4.0, 5.0, and 6.0 Å; the ones at 1.5, 3.0, and 6.0 Å coinciding with the analysis of S08 to enable comparison. Halfbandwidths were centred on each line component; flux from each component was then added together. Ingress and egress frames were not used in the analysis -only exposures taken between contact points 2 and 3 were taken to be in-transit, and only exposures taken before contact point 1 and after contact point 4 were taken to be out-of transit (see Fig. 5 ). Transit depth was calculated using:
where F is flux. F in was calculated by taking the mean of the sum of the flux in each in-transit exposure for that bandwidth, and F out was calculated in a similar way.
Although we were able to measure significant transit depths using data from both observing plates, we found that discarding data from plate 1 led to lower uncertainties. We therefore give measured transit depths using only plate 2 data; out-of-transit data are exposures 1-5, and intransit data are exposures 13-19 (see Table 1 ). WASP-17b transit depth measurements are given in Table 2 and Fig. 6 . Transit depths are plotted as crosses with error bars, and diamonds show levels of photon noise. Predicted transit depths (S08 values for HD 209458b, scaled up by factors 4.2-5.1), are shown as plain error bars (the bar at 1.5 Å is slightly offset for clarity). We also measured transit depths in exactly the same way for the comparison star. These data are shown as triangles with error bars. We find no significant transit depth for the comparison star at any bandwidth, which shows that our systematic errors are small.
We also show the 0.75 Å signal as a function of exposure number in Fig. 7 . The flux at half the bandwidth (0.375 Å) was measured at the centre of each line component; flux from each component was then added together. Data using observing plate 1 are plotted as open circles; data using observing plate 2 are plotted as filled circles. Exposures in between the dashed lines begin between contact points 2 and 3 (see Fig. 5 ), and exposures in between the dotted and dashed lines begin during ingress or egress. Exposure 10 is missing as we were unable to accurately measure its flux (see Sec. 2.2).
Discussion
We calculated predicted transit depths for WASP-17b, (shown on Fig. 6 as plain error bars), by scaling up the S08 measured transit depths for HD 209458b by the difference in scale height between the atmospheres of the two planets. This was calculated using the new planet mass and radius measurements and uncertainties (see Sec. 1), and is shown as a range. The scale height of a planet's atmosphere is given by:
H is about 500 km for HD 209458b. The new mass and radius measurements give a scale height of 2090 − 2570 km, 4.2 − 5.1 times larger than that of HD 209458b. The measured transit depth for WASP-17b of 0.55 ± 0.13 per cent at 1.5 Å is close to that predicted by scaling up the S08 measurements, and the transit depth of 0.49 ± 0.09 per cent at 3.0 Å is slightly higher than predicted. We find no significant transit depth at 6.0 Å, in contradiction to predictions. Brown (2001) (hereafter B01) produced a model of the planetary absorption for HD 209458b, for an ionized and non-ionized atmosphere -see his fig. 18 . We normalised these model spectra to exactly the same lengths of continuum as for our WASP-17b data, and measured the predicted transit depths for bandwidths 0.75, 1.5, 3.0, and 6.0 Å. These are given in Table 3 , together with the S08 measurements.
Mean sodium transit depths for WASP-17b predicted by scaling up the B01 models by the difference in atmospheric scale height are given in Table 4 . They are also plotted as bands, giving upper and lower bounds, in Fig. 8 ; the upper, solid band is for a non-ionized atmosphere model, and the lower, dashed band is for an ionized atmosphere model. Fig. 8 also shows our transit depth measurements, plotted as crosses with error bars.
The transit depth for an ionized atmosphere predicted by the B01 data for HD 209458b is 0.144 per cent at bandwidth 1.5 Å, slightly higher than that measured by S08. However, the predicted transit depths for the two wider bandwidths are almost twice as high as those measured by S08. Our measurements of WASP-17b show a large transit depth at narrow bandwidths, a shallow transit depth at medium bandwidths, and no significant transit depth at bandwidths 4.0 Å or wider. Photo-ionization of sodium is expected to reduce the Na transit signal (see B01); Barman (2007) also modelled the wavelength-dependent transit radius of HD 209458b and found that including photo-ionization in the model reduces the transit radius by a third at the wavelength of sodium. However, photo-ionization broadens the sodium absorption profile, which our measurements do not support.
Depletion of heavy elements leads to a narrower sodium absorption profile, as the narrow component of the Na absorption line is formed at low pressures, high in the atmosphere, and the broad component is formed at high pressures, lower in the atmosphere. Depletion could be caused by the condensation of metals, including sodium, on the cold night-side of the planet. Iro, Bezard, and Guillot (2005) hypothesised that half of the limb is depleted in sodium by a factor of 3, due to condensation on the night-side of the planet, while Fortney (2005) showed that the slant optical depth through the atmosphere of a hot Jupiter is up to 90 times greater than normal optical depth, and species with a small normal optical depth may mask Na absorption features.
It is also possible that the broad Na absorption, which originates low in the atmosphere, is being masked by high cloud. Fortney et al. (2003) suggested that silicate and iron clouds high in the atmosphere could be an opacity source for sodium, and Pont et al. (2008) concluded that their measurement of no significant absorption by Na or K at 30 Å bandwidths in the atmosphere of HD189733b was probably due to a haze of sub-micrometre sized particles high in the atmosphere, which masked the absorption signal. The details of the models used to calculate the effect of dust on alkali absorption line profiles have a large influence on the predicted spectra (Johnas et al., 2008) , so it is likely that our observations have the potential to test directly models for the formation of dust at atmospheric temperatures and pressures typical for hot Jupiters and cool brown dwarfs .
It seems likely that the Na depletion in WASP-17b is caused by a combination of the above factors; sodium is both ionized by the stellar flux, and depleted by condensation on the nightside. This would explain both the large transit depth at narrow bandwidths, and the lower than predicted transit depth at wider bandwidths. A layer of opaque cloud high in the atmosphere may explain the sharp cut-off in transit depth between 3 and 4 Å, or it could be caused by the masking of Na absorption features by other species high in the atmosphere. A transit depth measurement in such a narrow bandwidth is also affected by the rotation of the star. As the planet transits, it blocks the light from different regions of the rotating star. Light coming from parts of the star rotating towards the observer is blue-shifted, and light from parts of the star rotating away from the observer is red-shifted. This causes a spike in the radial velocity curve due to the orbital motion of the planet -the Rossiter-McLaughlin effect. We are developing a model to account for this.
Conclusion
On the night of 2009 June 20, we obtained spectra in and out-of-transit of WASP-17b, a hot Jupiter in the Southern hemisphere with a large atmospheric scale height. We used the IFU-mode of FLAMES/GIRAFFE on the VLT to simultaneously obtain spectra of an F7-type comparison star and three sky background regions. We detected additional sodium absorption during the transit of 1.46 ± 0.17 per cent at a measured bandwidth of 0.75 Å (9 σ ), 0.55 ± 0.13 per cent at 1.5 Å (4 σ ), and 0.49 ± 0.09 per cent at 3.0 Å (5 σ ). We did not detect significant additional sodium absorption at 4.0, 5.0, or 6.0 Å. Our measurements show that WASP-17b, like HD 209458b, is depleted in sodium compared to a model with a cloudless atmosphere and solar sodium abundance. The measured transit depths are best explained by a combination of Na ionization by stellar flux, Na condensation on the cold night-side, and either a layer of cloud or masking by opaque species high in the atmosphere. These measurements have provided useful information on the structure of the atmosphere of WASP-17b, which may apply to other hot Jupiters.
The changes of observing plate during the night were a major source of systematic errors, and in future observations, only one plate should be used. This is acceptable if no comparison star is observed, as there is no need to move the IFUs around to account for differential refraction over the field of view. We conclude that the IFU mode of FLAMES on the VLT is a very effective tool for obtaining transmission spectroscopy of extrasolar planets.
